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Summary  This  study  describes  the  modiﬁcation  of  a  standardised  cup-burner  apparatus.  The
replacement  of  the  original  glass  chimney  is  performed  by  shielding  a  nitrogen  co-ﬂow  enabled
measurement  at  a  wavelength  of  3.9  m.  This  modiﬁcation,  together  with  a  special  arrangement
of the  measuring  system  (spectral  ﬁltering,  data  acquisition  and  post-processing),  permitted
the observation  of  various  types  of  hydrodynamic  instabilities,  including  transition  states.  The
advantages  of  our  arrangement  are  demonstrated  with  an  ethylene  non-premixed  ﬂame  with
high sooting  tendency.  Two  known  modes  of  hydrodynamic  instability  (varicose  and  sinuous)  that
occur in  buoyant  ﬂames  were  studied  and  described  quantitatively.  Based  on  the  intensity  of
the infrared  emissions,  we  identiﬁed  and  qualitatively  described  the  modes  of  periodic  hydro-
dynamic instability  that  are  accompanied  by  ﬂame  tip  opening,  which  has  not  been  observed
for this  type  of  ﬂame.
©  2015  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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ntroductionhe  authors  of  review  (Steinhaus  et  al.,  2007) clearly
howed  that  despite  the  enormous  body  of  work  on
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arge-scale  pool  ﬁres  there  is  a  critical  need  for  more
ell  instrumented  experimental  studies.  Investigation  of  the
ydrocarbon  ﬂames  in  the  laboratory  scale  is  one  of  the  keys
or  understanding  to  the  hydrodynamics  and  heat  transfer
rocesses  involved  in  real  industrial  ﬁres.In  order  to  analyse  the  instability  modes  of  laminar
on-premixed  sooting  ﬂame  we  chosen  a  standardised
up-burner  apparatus.  It  is  frequently  used  as  testing  equip-
ent  to  determine  the  minimal  concentrations  of  gaseous
 open access article under the CC BY-NC-ND license
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Nomenclature
SDmax maximum  standard  deviation  (a.u.)
Imax maximum  soot  radiation  intensity  (a.u.)
HAB  height  above  burner  (m)
Ri0 initial  Richardson  numbers
(=  Dg/v20
)
, (—)
D  diameter  of  fuel  nozzle  (m)
g  gravitational  acceleration  (m  s−2)
(
Figure  1  Simpliﬁed  scheme  (cross-section)  of  the  modiﬁed
cup-burner  apparatus.  The  green  highlighting  corresponds  to
the additional  nitrogen  co-ﬂow  shroud.  The  red  arrow  designs  a
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lv0 initial  velocity  of  fuel  (m  s−1)
ﬁre  suppression  agents  (Senecal,  2005)  or  to  investigate
ﬂame  extinguishment  processes  (Katta  et  al.,  2004,  2006;
Takahashi  et  al.,  2007;  Linteris  et  al.,  2007;  Bitala  et  al.,
2013).  In  addition  to  methods  such  as  velocimetry  and  com-
putational  ﬂuid  dynamics  (CFD),  the  ﬂame  of  a  cup-burner
has  been  studied  using  narrow-band  emission  measurements
in  the  visible  region  (Takahashi  et  al.,  2007).  These  measure-
ments  mainly  yielded  a  spatially  and  temporally  resolved
characterisation  of  a  methane  (CH4)  ﬂame  with  a  relatively
low  sooting  tendency.
The  infrared  (IR)  spectral  region  can  be  useful  for
the  diagnosis  of  highly  sooting  ﬂames  (e.g.,  Docquier  and
Candel,  2002).  Currently,  broad-band  measurements  have
been  used  for  this  purpose  (Hayasaka,  1996;  Planas-Cuchi
et  al.,  2003).
This  work  was  performed  to  investigate  the  properties
of  a  modiﬁed  cup-burner  system  for  monitoring  spatially
and  temporally  resolved  radiative  properties  of  an  ethylene
(C2H4)  ﬂame  in  a  narrow-band  for  a  wavelength  of  approxi-
mately  3.9  m.  This  wavelength  was  selected  based  on  the
intention  to  monitor  the  IR  emissions  of  soot  particles  and  to
simultaneously  eliminate  the  irradiation  of  gas  phase  species
present  in  the  ﬂame.  In  addition,  the  special  arrangement
of  the  measuring  system  and  the  data  evaluation  procedure
were  enabled  to  observe  and  describe  various  types  of  the
hydrodynamic  instabilities  in  the  ﬂame.
To  measure  the  cup-burner  ﬂame  in  this  spectral  region,
the  original  chimney  was  replaced  by  a  shield  co-ﬂow  sys-
tem.
Experimental
Modiﬁcation  of  the  burner
The  design  of  our  apparatus  was  fundamentally  based  on
standards  ISO  14520  (14520-1)  and  NFPA  2001.  The  main
modiﬁcations  were  as  follows  (Fig.  1):
(a)  The  replacement  of  the  original  glass  chimney  by  an
outer  co-ﬂow  shroud.
b)  The  modiﬁcation  of  the  diffuser.
(c)  The  modiﬁcation  of  the  fuel  nozzle.
Ad  (a)  The  outer  co-ﬂow  was  used  to  ensure  the  trans-
missivity  of  radiation  in  the  middle  IR  region.  Nitrogen  was
used  as  the  shielding  gas  and  was  fed  into  the  co-ﬂow  shroud
through  three  horizontal  inlets  at  angles  of  120◦.
Ad  (b)  In  contrast  to  the  system  described  in  the  standard,
we  added  two  inlets  to  supply  the  oxidiser  (air),  and  the  ﬁnal
arrangement  had  a  total  of  three  inlets  at  angles  of  120◦.
T
t
3
auel inlet,  the  blue  arrow  designs  oxidiser  inlet  into  the  diffuser,
nd the  green  arrow  shows  the  nitrogen  inlet.
his  arrangement  was  used  to  increase  the  homogeneity  of
he  oxidiser  ﬂow  to  ensure  the  axial  symmetry  of  the  ﬂame.
Ad  (c)  The  fuel  nozzle  cup  was  ﬁlled  with  a  layer  of  3  mm
lass  beads  and  was  covered  with  two  stainless  steel  wire
eshes.  This  modiﬁcation  was  similar  to  the  work  of  Katta
t  al.  (2004,  2006), for  obtaining  a  uniform  inlet  velocity
roﬁle  of  the  gaseous  fuel.
xperimental  setup
he  experimental  arrangement  is  depicted  in  Fig.  2.  The
ow  rates  of  the  gaseous  fuel  (C2H4 —  99.9%  Linde  Gas),  oxi-
iser  (compressed  air,  SIAD)  and  co-ﬂow  nitrogen  (99.999%,
esser)  were  controlled  by  the  Aalborg-type  rotameters.
The  spatially  resolved  emissions  were  monitored  by  an
R  camera  (Electrophysics  PV320L2ZE)  that  has  a  BST  pyro-
lectric  focal  plane  array  with  a  240  ×  320  pixels  detector
nd  is  covered  with  a  ZnSe  window.  The  measurement
as  performed  using  a  35  mm  lens  system  with  germanium
ens  and  integrated  a manually  adjustable  iris  diaphragm.
he  spectral  band-pass  ﬁlter  (Spectrogon  BBP  type)  with  a
ransmissivity  of  less  than  5%  at  wavelengths  outside  the
.75—4.02  m  range  was  placed  between  the  camera  lens
nd  the  detector  window.
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Figure  2  Experimental  setup:  1  —  cup-burner  ﬂame,  2  —  air
co-ﬂow,  3  —  nitrogen  co-ﬂow,  4  —  IR  camera  (Electrophysics
PV320L2ZE),  5  —  germanium  lens,  6  —  spectral  band-pass  ﬁlter
(3.75—4.02  m),  7  —  ZnSe  window,  8  —  FPA  detector  (240  ×  320
pixels), 9  —  PC  (with  Electrophysics  software  Velocity  2.0),  10  —
DC power  supply,  11  —  detail  of  regularly  spaced  heated  wires
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Figure  3  (a)  Sequence  of  ten  consecutive  images  of  Flame
1 at  45  ms  apart  and  at  a  wavelength  of  3.9  m  (total
time =  0.45  s).  (b)  Time-averaged  image  (a)  and  a  map  of  the
standard  deviations  (b)  derived  from  a  sequence  of  600  images
of Flame  1.  Symbol  I designates  the  local  maximum  of  the
i
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doiled around  two  layers  of  silica  cartoon  (alternatively  used  for
alibration  purposes),  12  —  Aalborg-type  rotameters.
The  spatial  calibration  and  the  optical  system’s  focus
n  the  plane  in  the  burner  axis  were  performed  using  a
pecial  system  that  consisted  of  regularly  spaced  heated
ires  that  were  coiled  around  two  layers  of  silica  car-
oon.  This  arrangement  ensured  a  spatial  resolution  of  up
o  0.33  mm/pixel.
The  sequences  of  IR  images  were  acquired  and  digitised
sing  the  Electrophysics  software  called  Velocity  2.0.  The
ighest  acquisition  frame  rate  was  45  frames  per  second
FPS).
esults and discussion
e  will  demonstrate  the  advantages  of  our  cup-burner
esign  on  the  measurement  results  of  two  types  of  ethyl-
ne  ﬂames  for  various  initial  Richardson  numbers  Ri0, which
ill  be  designated  as  Flame  1  and  Flame  2  in  the  follow-
ng  text.  Table  1  lists  their  characteristics  and  the  adjusted
xperimental  parameters.
Table  1  Initial  experimental  conditions.
Flame  1  Flame  2
Flow  rates  (l/min)
(etylen/air/nitrogen)
0.16/40/10  1.0/40/10
Initial  Richardson
number  (Ri0)
1.5  ×  104 4.0  ×  102
Spatial  resolution
(mm/pixel)
0.33  0.50
Frame  rate  (FPS) 22  45
The initial Richardson Number Ri0 = D. g/v20 (D — diameter of the
fuel nozzle cup, g — gravitational acceleration, v — initial veloc-
ity of the fuel) represents the ratio of buoyant and inertial forces
in the area of the fuel inlet and characterises the tendency of
the ﬂame towards hydrodynamic instability.
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ntensity  of  the  ﬂame  radiation.  Symbol  SDmax designates  the
ocal maximum  in  the  occurrence  of  hydrodynamic  instabilities.
Fig.  3a depicts  an  example  of  the  sequence  of  IR
infrared)  images  for  Flame  1.  Fig.  3b  shows  the  corre-
ponding  time-averaged  image  and  a  map  of  the  standard
eviations.
Similarly,  Fig.  4a  shows  a  representative  sequence  of
mages  for  Flame  2,  and  Fig.  4b  depicts  the  corresponding
veraged  image  and  a  map  of  the  standard  deviations.
Flow  variation  diagrams  (Fig.  5a  and  b)  are  shown  for
 more  detailed  comparison  of  the  nature  of  the  frequen-
ies  of  the  two  ﬂames.  These  diagrams  were  created  using
he  data  measured  around  the  local  maximum  of  the  hydro-
ynamic  ﬂame  instability.  We  determined  these  maxima
ased  on  an  evaluation  of  the  standard  deviations  for  the
easured  IR  signal  of  the  soot  particles  in  Figs.  3b  and  4b
nd  that  correspond  to  an  HAB  (Height  Above  Burner)  equal
o  4  cm  for  Flame  1  and  an  HAB  equal  to  9  cm  for  Flame  2
designated  as  SDmax).
The  measurement  results  for  the  individual  ﬂame  char-
cteristics  will  be  discussed  in  more  detail.lame  1
he  ﬂame  exhibits  features  that  correspond  to  the  transi-
ion  between  a  stable  regime  with  a  continuous  luminous
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Figure  4  (a)  Sequence  of  10  consecutive  images  of  Flame  2  at
22 ms  apart  and  at  a  wavelength  of  3.9  m  (total  time  =  0.22  s).
The hydrodynamic  instabilities  of  the  varicose  type  predomi-
nate in  the  ﬁrst  part  of  the  sequence  (a),  a  predominance  of  the
sinuous instability  mode  in  the  second  part  of  the  sequence  (b).
(b) Time-averaged  image  (a)  and  a  map  of  the  standard  devi-
ations (b)  derived  from  a  sequence  of  600  images  of  Flame  2.
Figure  5  (a)  Flow  variation  diagram  depicting  a  4  s  recording
of Flame  1  in  a  horizontal  cross-section  at  a  height  of  HAB  =  4  cm.
Time is  depicted  on  the  x-axis  and  the  radial  position  on  the  y-
axis. (b)  Flow  variation  diagram  depicting  4  s  of  the  recording  of
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oSymbol  Imax designates  the  local  maximum  of  the  intensity  of  the
ﬂame radiation.  Symbol  SDmax designates  the  local  maximum  for
the occurrence  of  hydrodynamic  instabilities.
tip  and  the  low-frequency  pulsing  mode  of  hydrodynamic
instabilities  that  accompany  a  periodic  ﬂame  tip  opening.
Fig.  3a  depicts  a  representative  sequence  of  infrared
images  that  show  the  progress  of  this  phenomenon  at  10
different  time  intervals  of  approximately  45  ms  and  that  cor-
respond  to  the  imaging  frequency  employed.  A  phase  with
a  fully  developed  wing  proﬁle  (with  symmetrically  located
maxima  in  the  oxygenated  region  of  the  reaction  zone)  can
be  clearly  observed  at  the  start  and  ﬁnish  of  the  depicted
sequence.  The  central  part  of  the  sequence  is  followed  by
the  stabilisation  of  the  tip  of  the  ﬂame  (i.e.,  a  continuous
area  of  radiation  with  a  local  maximum  close  to  the  burner
axis).
The  vertical  proﬁle  of  the  radiation  intensity  on  the
ﬂame  axis  becomes  substantially  deformed  (becomes  ﬂat-
ter)  in  the  opening  phase  of  the  ﬂame,  where  the  change  in
the  ﬂame  height  is  not  large  (i.e.,  the  total  change  equals
approximately  5  mm).  In  the  horizontal  direction,  the  open-
ing  of  the  tip  of  the  ﬂame  appears  as  a  contraction  and  is
more  visible  in  the  ﬂow  variation  diagram  (see  Fig.  5a  and
the  description  in  the  text  below).
Additionally,  the  disturbance  of  the  axial  symmetry  and
the  systematic  shift  of  the  local  maximum  in  the  direction
o
i
dlame  2  in  a  horizontal  cross-section  at  a  height  of  HAB  =  9  cm.
ime is  depicted  on  the  x-axis  and  the  radial  position  on  the
-axis.
owards  the  right-hand  part  of  the  ﬂame  can  be  observed  in
he  sequence  of  images.  In  addition,  this  deviation  can  be
dentiﬁed  in  Fig.  3b(a),  which  depicts  the  spatial  distribution
f  the  temporally  averaged  intensity  of  the  ﬂame  radiation.
xpressed  quantitatively,  the  relative  difference  between
he  maximum  radiation  intensity  (Imax)  in  the  left  and  right
and  parts  of  the  ﬂame  corresponds  to  approximately  10%  of
he  maximum  signal  intensity.  Nonetheless,  the  map  of  the
tandard  deviations  (Fig.  3b(b))  exhibits  a  nearly  symmet-
ical  character,  and  the  difference  in  the  maximum  values
SDmax)  between  the  right  and  left  hand  parts  is  less  than  1%.
Fig.  3b(a)  and  (b)  reveal  a  shift  in  the  vertical  position
f  SDmax (HAB  =  40  mm)  compared  with  the  position  of  Imax
HAB  =  45  mm)  in  the  direction  upstream.  This  fact  corre-
ponds  to  the  observed  shift  in  the  local  maximum  of  the
ame  radiation  in  the  direction  outside  of  the  axis  and
imultaneously  (downstream)  to  the  edge  of  the  burner  (see
ig.  3a).
The  occurrence  of  the  periodic  local  soot  emission  max-
ma  connected  along  with  the  axial  symmetrical  ﬂame
ontraction  can  be  observed  in  the  ﬂow  variation  diagram  of
lame  1  (Fig.  5a)  at  the  height  with  the  greatest  occurrence
f  instability  SDmax (HAB  =  4  cm).  In  addition  to  random  asym-
etric  ﬂuctuations  of  the  reaction  zone,  axially  symmetrical
ow-frequency  pulsations  are  observed  with  a  frequency  of
pproximately  3  Hz,  and  the  ﬂame  tip  opening  occurs  in  the
hase  of  minimum  ﬂame  radial  width.  The  widening  of  the
xternal  contours  of  the  ﬂame  accompanied  by  a  temporary
ecrease  in  the  radiation  intensity,  which  is  a  consequence
f  a  decrease  in  the  local  temperature  or  concentration
f  the  soot  volume  fraction,  can  be  observed  between  the
ndividual  phases  of  the  contraction.
We  assume  that  the  hydrodynamic  instability  of  the
escribed  type  is  connected  with  the  process  of  the  radiative
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eat  loss  of  the  reaction  zone  through  soot  emission  (Katta
t  al.,  2009)  and  a  change  in  the  temperature  and  density
radient  as  a  result  of  the  relatively  slow  heat  exchange  in
he  ﬂame  environment  under  these  conditions.  Another  pos-
ible  explanation  of  the  observed  features  of  Flame  1  could
e  a  switch  between  the  competitive  mechanisms  of  soot
ormation  (McEnally  et  al.,  2006),  such  as  the  pure  pyrolysis
f  C2H4 in  the  phase  with  a  closed  ﬂame  tip  and  the  oxidative
yrolysis  in  the  open  ﬂame  phase.
This  type  of  instability  has  not  been  described  in  the  lit-
rature.  These  types  of  instabilities  differ  substantially  from
he  usual  instabilities  (e.g.,  of  the  varicose  type  not  only  in
heir  frequency  but  also  in  the  other  ‘‘ﬁngerprints’’  in  our
ow  variation  diagrams).
lame  2
he  frame  rate  was  doubled  for  Flame  2  compared  with
lame  1  for  the  dynamics  of  the  phenomena.  Simultaneously,
he  monitoring  region  was  broadened  for  this  measurement
o  that  the  infrared  images  recorded  the  characteristic  fea-
ures  of  the  ﬂame  for  the  hydrodynamic  instabilities.
As  observed  in  Fig.  4a,  the  ﬂow  is  nearly  stabilised  at
he  ﬂame  base  (HAB  <  2  cm).  Because  of  the  forces  of  iner-
ia  at  increased  ﬂow  rates,  this  region  does  not  exhibit
ubstantial  indications  of  random  ﬂuctuations  or  systematic
nstabilities.  Further  upstream  (HAB  >  5  cm)  as  the  gravita-
ional  forces  and  thermal  buoyancy  begin  to  dominate,  an
ncrease  in  the  occurrence  of  vortex  structures  is  observed
hat  causes  an  instability  of  the  sinusoidal  and  varicose  type.
hese  two  modes  intermingle.  However,  the  ratio  of  time  at
hich  the  ﬂame  exhibits  a  varicose  character  to  the  total
ime  is  approximately  10%.
Based  on  the  data  depicted  in  Fig.  4b(a)  and  (b),  a differ-
nce  is  observed  for  the  relative  positions  of  Imax and  SDmax
ompared  with  Flame  1.  The  intensity  of  the  soot  radiation
n  Flame  2  reaches  a  maximum  Imax at  HAB  =  7  cm,  while  the
tandard  deviation  culminates  at  approximately  2  cm  down-
tream  (SDmax at  HAB  =  9  cm).
From  the  shape  of  the  ﬂow  variation  diagram  (Fig.  5b)  in
he  varicose  regime,  the  phase  of  expansion  with  maximum
adiation  in  the  outer  parts  of  the  ﬂame  is  followed  by  a  sud-
en  narrowing  of  the  external  contours  and  a  simultaneous
ccurrence  of  periodic  local  radiation  minima  in  the  area
f  the  burner  axis.  Thus,  this  behaviour  is  totally  different
rom  the  horizontal  expansion  following  the  occurrence  of
ocal  maxima  of  soot  radiation  for  contraction  instabilities
s  observed  in  Flame  1.
Our  measurements  can  be  compared  with  the  results
btained  by  other  authors.  The  subject  of  hydrodynamic
nstabilities  in  buoyant  hydrocarbon  ﬂames  was  studied  e.g.,
y  Cetegen  and  Dong  (2000).  In  a  propane  ﬂame,  they
bserved  both  varicose  and  sinusoidal  oscillations  and  found
 relationship  between  the  probability  of  their  occurrence
nd  the  value  of  the  Richardson  number.  Compared  with
hese  results,  the  features  we  observed  in  Flame  2  exhibit
he  characteristics  of  a  transition  regime  between  these
nstability  modes.  Nonetheless,  the  varicose  regime  occurs
ore  frequently  in  our  experiments  than  the  values  provided
or  the  relevant  Richardson  number  in  the  cited  work.  This
ifference  is  most  likely  caused  by  co-ﬂow  (an  air  stream)
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n  our  experimental  arrangement,  which  could  result  in
he  predominance  of  a  symmetrical  mode  of  hydrodynamic
nstabilities.  The  opposite  case  occurs  for  Flame  1,  where
he  occurrence  of  this  mode  of  symmetrical  instabilities  was
ot  observed  in  the  ethylene  ﬂame.  In  contrast,  the  work  of
etegen  and  Dong  mention  a  probability  of  occurrence  for
he  varicose  regime  in  the  propane  ﬂame  at  the  correspond-
ng  Richardson  number  values  of  greater  than  30%.
Boulanger  (2010)  proposed  a  speciﬁc  mechanism  that
revents  the  occurrence  of  varicose  structures  at  high
ichardson  numbers.  For  the  spatial  distribution  of  the  time-
entred  radiation  intensities,  the  shape  of  Flame  1  observed
s  consistent  with  the  predicted  temperature  proﬁle  of  an
ltra-low  Froude  number  ﬂame  for  a  vertical  position  of  the
ocal  maximum  at  a  height  of  HAB  =  1.8D  (D  is  diameter  of
uel  nozzle  cup).
At  D  =  28  mm,  this  height  corresponds  to  approximately
AB  =  5  cm,  which  is  consistent  with  the  position  of  Imax
or  Flame  1.  Nonetheless,  the  dynamic  character  of  Flame
 observed  differs  substantially  from  these  predictions
Boulanger,  2010) because  the  given  numerical  simulation
s  based  on  simpliﬁed  assumptions  for  the  prediction  of
emperature  and  density  gradients  (single-step  irreversible
hemistry).  Thus,  the  absence  of  varicose  structures  and
he  occurrence  of  a  periodic  opening  of  the  tip  for  Flame
 can  be  attributed  to  the  chemical  structure  of  ethylene
s  a fuel  with  a  high  sooting  tendency.  This  is  also  con-
istent  with  the  conclusions  of  e.g.,  Kashir  et  al.  (2012),
ho  observed  reduced  vorticities  caused  by  additional  heat
elease  in  propane  nonpremixed  ﬂames  compared  to  natu-
al  gas  ﬂames  at  same  conditions.  As  demonstrated  by  the
ore  detailed  numerical  simulation  of  Katta  et  al.  (2009),  a
igher  soot  concentration  in  the  reaction  zone  stabilises  the
ame  through  thermal  radiation.
The  unambiguous  conﬁrmation  of  the  above  hypothesis
ould  require  the  application  of  an  unsteady  solver  for  the
omputational  ﬂuid  dynamics  (CFD),  including  the  imple-
entation  of  a  detailed  scheme  of  the  chemical  kinetics
nd  the  thermal  radiation  model.  The  work  of  Cuoci  et  al.
2013)  is  an  example  of  this  modelling  method.
onclusions
or  two  burning  regimes  of  a  non-premixed  ﬂame,  we
emonstrated  the  advantages  of  the  modiﬁcation  of  a
tandard  burner,  which  enabled  a  comparison  of  the  emis-
ions  in  the  3.9-m spectral  region.  The  spatial  and  temporal
esolution  of  the  experiment  permitted  monitoring  of  vari-
us  types  of  hydrodynamic  instabilities.  Two  known  modes
f  hydrodynamic  instability  occur  in  buoyant  ﬂames,  includ-
ng  the  transition  states  between  them,  were  studied  and
escribed.  Based  on  the  intensity  of  the  IR  emissions  of
he  soot,  we  qualitatively  described  an  unknown  mode  of
eriodic  hydrodynamic  instabilities.
The  modiﬁcation  of  the  cup-burner  apparatus,  the  exper-
mental  arrangement  and  the  data  processing  provide
ew  opportunities  for  investigating  ﬂames  and  other  fuels
ith  various  sooting  tendencies  and  for  comparing  them
ith  model  studies.  The  method  described  combined  with
dvanced  post-processing  methods  permits  a  direct  com-
arison  of  the  experimental  data  with  the  results  of
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Takahashi, F., Linteris, G.T., Katta, V.R., 2007. ExtinguishmentModiﬁed  cup-burner  ﬂame  
the  comprehensive  numerical  simulations  for  physical  and
chemical  processes  in  the  ﬂame  environment  similar  to
Connelly  et  al.  (2009).
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